T
he Wnt signaling pathway is initiated by binding of Wnt factors to receptors and coreceptors, Frizzled and LRP, respectively, on the cell membrane, which triggers a signaling cascade that leads to the accumulation of ␤-catenin. In the absence of Wnts, ␤-catenin is degraded by a multiprotein complex composed of APC, GSK3␤, CK1, and the scaffold proteins Axin1 and conductin͞Axin2, which induces the phosphorylation of ␤-catenin and its subsequent proteosomal degradation (1) (2) (3) . Wnt signals block ␤-catenin phosphorylation and hence degradation (4) . ␤-Catenin associates with TCF͞ LEF (T cell factor͞lymphocyte enhancer factor) transcription factors to activate target genes that enhance proliferation and cell survival (2, 4, 5) . Aberrant activation of Wnt͞␤-catenin signaling, due to mutations in components of the pathway, is thought to be an initiating event in colorectal carcinogenesis (6) (7) (8) . Mutations in APC are the earliest and most frequent events in colon tumors, whereas mutations in other components of the pathway, including ␤-catenin itself, have been reported but are less frequent (4, 7) .
CIN is a form of genomic instability that characterizes most cancers, including colon tumors (9) . Defined as an increased rate of loss or gain in chromosome numbers and parts, CIN can cause gross changes in gene expression that in turn may promote tumorigenesis (10) (11) (12) (13) . The causes of CIN are believed to lie in the midst of mitosis, when accurate segregation of chromosomes is established (14) . The mitotic spindle checkpoint prevents segregation errors by inhibiting the onset of anaphase until all chromosomes are properly attached to the spindle (15) . The effector of the checkpoint is the anaphase-promoting complex or cyclosome APC͞C, an E3 ubiquitin ligase that promotes degradation of mitotic regulators, leading to anaphase initiation (16, 17) . APC͞C is inhibited by the checkpoint machinery in response to inappropriate microtubulekinetochore attachments (18) . When the checkpoint is satisfied, inhibition of APC͞C is relieved and equal segregation of chromatids into daughter cells ensues. A compromised spindle checkpoint allows unequal segregation of genomic material into daughter cells, thus generating CIN (12) . Indeed, loss-of-function mutations in spindle checkpoint components have been found in human colon tumors with CIN, albeit in small numbers (14, 19) . Thus, although CIN can arise through disregulation of mitosis, its origins in most colon tumors remain unknown. Recently it has been suggested that mutations in APC, in addition to activating the Wnt͞␤-catenin pathway, can lead to CIN through a role in microtubulekinetochore attachments (20) (21) (22) . It has therefore been proposed that mutations in APC might fulfill both roles for increased proliferation and for CIN, resulting in cell transformation (23) .
The scaffold protein of the ␤-catenin degradation complex, conductin, was shown to be a direct transcriptional target of the Wnt͞␤-catenin pathway and, as a consequence, to be highly upregulated in the majority of colon tumors (1, 24, 25) . Although conductin negatively regulates Wnt signaling by promoting degradation of ␤-catenin, the high levels of conductin observed in tumors are apparently not sufficient to prevent aberrant signaling. We were therefore interested in whether high conductin expression has any functional relevance in cancer.
In the present study we report that conductin is highly expressed in CIN ϩ human colon tumors as compared with CIN Ϫ tumors and normal mucosa, indicating that the activity of Wnt͞␤-catenin signaling positively correlates with CIN. We show that aberrant Wnt͞␤-catenin signaling leads to CIN in colon cancer cells and that conductin is both necessary and sufficient in this process. We further show that conductin acts on the mitotic spindle checkpoint and binds an important regulator of mitosis, polo-like kinase 1 (PLK1). Collectively our results suggest that, in APC-deficient tumors, aberrant Wnt͞␤-catenin signaling may lead to chromosomal instability through up-regulation of conductin.
Results
Conductin Is Highly Up-Regulated in CIN Human Colon Tumors. Using FISH analysis on tissue samples we classified tumors into chromosomally stable (CIN Ϫ ) and instable (CIN ϩ ) statuses (see Materials and Methods) and determined expression levels of conductin using real-time RT-PCR (Table 1 , which is published as supporting information on the PNAS web site). We observed a significant correlation between high expression of conductin and the CIN ϩ phenotype (Fig. 1) , because Ϸ60% of CIN ϩ but only 7% of CIN tumors showed Ͼ5-fold up-regulation of conductin as compared with normal mucosa.
Overexpression of Conductin Causes CIN.
The tumor data prompted us to examine whether excess conductin was sufficient to induce chromosomal instability in HCT116 colon cancer cells, which are chromosomally stable, carry mutated ␤-catenin but wild-type APC, and express low levels of endogenous conductin as compared with other colon cancer cell lines, by raising conductin expression levels to that of CIN ϩ cells (13, 14, 26 ) (see Fig. 5 A and B, which is published as supporting information on the PNAS web site). We generated GFP-and GFP-conductin-expressing clones from HCT116 cells ( Figs. 2A and 5B) and quantified chromosome numbers by FISH of chromosome-specific centromeric enumeration (CEP) probes in interphase nuclei (see Materials and Methods). Nearly all cells in parental HCT116 or GFP-expressing controls showed the regular number of two fluorescent signals for autosomal chromosomes, or one for the X chromosome per nucleus, reflecting the chromosomal stability of these cells (13, 26) (Fig. 2 C and D) . Overall, the fraction of cells with signals diverging from the modal value, which is the quantitative index of CIN (13, 14, 26) , was within the range of only 2-7%. In contrast, a strikingly high percentage (14-46%) of cells expressing GFP-conductin exhibited gains and losses of chromosomes ( Fig. 2 C and D) . To analyze the consequence of short-term expression of conductin on CIN, tet-on inducible Flag-conductin-expressing clones (HCT116-Flag cond) were generated (Figs. 2B and 5B). These cells were induced by doxycycline (Dox) for 2 days only, followed by 5 days of further culture, or for a continuous period of 21 days. Both short-term and long-term induction of conductin expression resulted in chromosomal instability, with 16% and 26% of the cells being off the mode, respectively, whereas Dox-treated control cells (HCT116-tet) remained chromosomally stable (Fig. 2D) . These findings demonstrate that conductin is sufficient for CIN.
Wnt͞␤-Catenin Signaling Activation Causes CIN via Conductin. To determine whether activation of the Wnt͞␤-catenin pathway would also lead to chromosomal instability through conductin, we down-regulated wild-type APC in HCT116 cells by transfection of small interfering RNAs (siRNAs). Efficient depletion of APC resulted in a marked increase in conductin levels, as well as an increase in the TOP Flash reporter used to assess ␤-catenin transcriptional activity (Fig. 2E and data not shown) . Upregulation of conductin as well as high TOP Flash activity were prevented by simultaneous depletion of both APC and ␤-catenin ( Fig. 2E and data not shown) . CEP-FISH analysis performed 3 weeks after transfection showed that depletion of APC from HCT116 cells led to CIN, with 12-20% of cells exhibiting aberrant numbers of chromosomes as compared with 3-6% for siRNA against GFP (siGFP) controls (Fig. 2F) . CIN was significantly prevented by concurrently depleting ␤-catenin, with only 4-10% of cells being off the mode, suggesting that CIN occurred as a consequence of aberrant ␤-catenin activation. Importantly, CIN generated by APC depletion was also prevented in HCT116 cells where conductin was stably knocked down (HCT116-siCond) but not in control cells (HCT116-pSuper) ( Fig. 2 E and F) . These findings suggest that, in the absence of APC, the resulting aberrant ␤-catenin signaling leads to CIN through up-regulation of conductin.
Conductin Is Up-Regulated During Mitosis and Binds to PLK1. We found that expression levels of conductin were higher in mitotic than in nonmitotic SW480 and DLD1 colon cancer cells, as determined by Western blotting (Fig. 3A) . Conductin levels declined as SW480 cells made an exit from mitosis, paralleling the fall in cyclin B1 levels used for monitoring the timing of mitotic exit (Fig. 3B ). When G 1 ͞S arrested SW480 cells were released from an aphidicolin block, conductin expression rose as cells progressed into S phase and reached a maximum during mitosis, followed by a fall that coincided with exit from mitosis ( Fig. 3C ). These data show that expression levels of conductin are regulated in a cell cycledependent manner, with highest expression during mitosis. We therefore investigated possible interactions between conductin and the known mitotic regulators Mad2, Emi1, cdc27, cyclin B1, Cdc2, and PLK1. As shown in Fig. 3D , endogenous conductin could be coimmunoprecipitated with FLAG-PLK1 but not with FLAG-LKB1 used as a control. In lysates from nocodazole-treated SW480 cells, we could coimmunoprecipitate endogenous conductin͞PLK1 complexes (Fig. 3E ). In addition, GFP-conductin but not GFP could be coimmunoprecipitated with FLAG-PLK1 (Fig. 6 , which is published as supporting information on the PNAS web site). The other tested mitotic regulators did not show interaction with conductin in immunoprecipitation experiments (data not shown). PLK1, an important mitotic kinase that regulates diverse mitotic operations, localizes at centrosomes and mitotic spindles (ref. 27 ; reviewed in ref. 28 ). In line, we found that conductin localizes at the mitotic spindles as well as at centrosomes during interphase in colon cancer cells (Fig. 5C ). In 293T cells, transiently transfected CFPconductin and Flag-conductin localizes to the mitotic spindle whereas the related protein axin1 (CFP-axin1 or Flag-axin1) does not (Fig. 5D ). These data are supportive of a specific role for conductin but not axin1 in mitotic homeostasis.
Conductin Compromises the Mitotic Spindle Checkpoint. We next analyzed whether conductin might lead to CIN by altering the mitotic spindle checkpoint, using the stable as well as inducible HCT116 clones expressing conductin (see Fig. 2 A and B) . Cells were exposed to nocodazole, a microtubule͞spindle poison that activates the spindle checkpoint, and at steady intervals the checkpoint activity was determined by measuring the percentage of cells arrested in mitosis (percentage mitotic index). The mitotic index was markedly decreased in cells overexpressing conductin as compared with controls and the parental cells (Fig. 4 A and B) . Specifically, after 18 h of nocodazole treatment Ͼ80% of parental HCT116 cells were arrested in mitosis, as reported previously, whereas only 20-30% of cells stably expressing GFP-conductin achieved arrest (Fig. 4A) (13, 14) . A reduced mitotic arrest was also recorded for HCT116, DLD1, and SW480 cells after tet-on inducible expression of Flag-conductin ( Fig. 4B and Fig. 7 A and B, which is published as supporting information on the PNAS web site). Similarly, in 293T cells transient transfection of Flag-conductin and CFP-conductin also resulted in a low mitotic arrest, whereas CFP-axin1 was less effective (Fig. 7 E and F) .
Mitotic HCT116 cells induced to express conductin (ϩDox) made a faster exit from mitosis than noninduced cells (ϪDox), Table 1 ).
indicating that conductin overexpression specifically leads to a premature exit from mitosis in the presence of an active spindle checkpoint (Fig. 4C) . Mitotic markers cyclin B1 and phosphohistone H3 consistently declined faster in induced cells (Fig. 4D Left) . Dox did not alter mitotic exit of HCT116-tet regulator control cells (Fig. 4D Right) . In line with a faster exit from mitosis, conductinexpressing cells reattached earlier to the tissue-culture dish than noninduced and control cells (HCT116-tet) and also reached anaphase faster than control cells after removal of nocodazole ( Fig.  7 C and D) . To analyze whether the observed conductin͞PLK1 interaction plays a role in mitotic control, we expressed the polobinding domain (PBD) of PLK1 (GFP-PBD) alone or together with Flag-conductin in 293T cells and measured the mitotic index. The PBD was shown to arrest cells in mitosis through displacement of endogenous PLK1 from docking proteins and subsequent activation of the spindle checkpoint (29, 30) . Forty-eight hours after transfection, the mitotic index within the GFP Ϫ (control) cell population was Ϸ4%. In contrast, 35% of the cells that received GFP-PBD alone were arrested in mitosis. Importantly, coexpression of Flag-conductin could not inhibit this arrest (Fig. 4E) .
Because conductin can abrogate a nocodazole-induced, but not a PBD-induced, mitotic arrest we conclude that PLK1 localization͞ activity is required for the function of conductin in mitosis.
To analyze whether reduction of conductin would improve the mitotic spindle checkpoint, we down-regulated conductin by RNA interference in SW480 colon cancer cells, which possess a weak spindle checkpoint, are chromosomally instable, and express high levels of conductin (Fig. 5A) (14) . SW480 cells were stably transfected with either the pSUPER-derived RNA interference plasmid targeting conductin (siCond) clones or the empty RNA interference vector pSUPER (pSuper) clones, as a control (Fig. 4G Top) . Mitotic cells from these clones were replated in the presence of nocodazole, and the mitotic index and the amounts of cyclin B1 were determined. siCond cells made a significantly slower exit from mitosis than pSuper control cells (Fig. 4F) . Specifically, after 14 h 30% of siCond but only 10% of pSuper control cells were still at mitosis. In agreement, cyclin B1 levels declined with slower kinetics in siCond cells than in pSuper control cells (Fig. 4G) . We also analyzed the spindle checkpoint in mouse embryo fibroblasts (MEFs) from wild-type (ϩ͞ϩ) mice as well as from heterozygous (ϩ͞Ϫ) and homozygous (Ϫ͞Ϫ) conductin knockout mice (Fig. 4H and Fig. 8 , which is published as supporting information on the PNAS web site) (B.J. and W.B., unpublished observations). Conductin knockout MEFs achieved 2-to 3-fold higher mitotic indexes than heterozygous and wild-type MEFs, implying that the absence of conductin allows overactivation of the spindle checkpoint in response to spindle stress (Fig. 4H) . FACS analysis revealed that, in contrast to wild-type MEFs, a higher fraction of conductin knockout MEFs were found at the G 2 ͞M stage of the cell cycle. In addition, a significantly higher fraction of cells with Ͼ4 N DNA content was apparent in knockout but not wild-type MEFs, indicating polyploidy in the latter (Fig. 4I) . Metaphase spreads frequently showed an abnormal number of chromosomes in conductin knockout MEFs but not in wild-type cells (Fig. 4J ). Together these results suggest an innate role of conductin in mitosis. Discussion CIN in Colon Cancer. The molecular basis for CIN is largely unknown, with only a subset of colorectal tumors exhibiting mutations in genes involved in mitotic spindle checkpoint control as well as in cell-cycle regulation (14, 19, 31) . Mutations in the APC tumor suppressor, which lead to deregulation of the Wnt͞␤-catenin signaling pathway, have been described as the earliest detectable genetic changes in the majority of colon tumors (6, 7). Our data suggest a mechanism as to how the deregulated Wnt͞␤-catenin pathway could generate chromosomal instability. In our model, mutations in APC lead to aberrant Wnt͞␤-catenin transcriptional activity and subsequent up-regulation of conductin, which negatively regulates the mitotic spindle checkpoint, allowing spindle stress to result in an increased rate of chromosomal instability. In support of our model, we found conductin to be highly up-regulated in colon tumors with CIN as compared to tumors without CIN and normal mucosae. Interestingly, conductin was recently shown to be silenced in microsatellite instable colon tumors, which represent a subset of colon tumors characteristically devoid of CIN (32) . In addition, inactivation of APC presents a source of spindle stress: it was shown that APC is required for microtubule outgrowth as well as for the association of spindle microtubules with the kinetochores of chromosomes (22, 33) , and loss of APC causes chromosomal instability in embryonic stem cells (20, 21) . Thus, mutations in APC could act as a dual attack on genomic integrity by coupling spindle damage to a conductin-induced compromise of the mitotic spindle checkpoint. In addition to its already established functions, the Wnt pathway may define the course of genomic instability a cancer assumes and its clinical outcome.
Molecular Mechanism.
What is the molecular mechanism by which conductin regulates the mitotic spindle checkpoint? We noted that conductin overexpression did not affect the integrity of spindle microtubules and did not cause any obvious defects in spindle orientation, as assessed by ␣-tubulin staining. This finding indicates that conductin may regulate the mitotic spindle checkpoint through signaling, rather than mechanical interference at the mitotic spindle apparatus. Among several candidate mitotic regulators analyzed, we found PLK1 to interact with conductin in immunoprecipitation experiments. PLK1 is a serine͞threonine kinase important in numerous processes during mitosis, and its role in the regulation of the spindle checkpoint is well established, suggesting that conductin could act via PLK1 (27, 28, (34) (35) (36) . The multiple defects that arise from depletion of PLK1 function, e.g., through siRNA mediated knock-down, precludes straightforward testing of this possibility (37, 38) . Instead, we specifically perturbed spindle checkpoint activation by expressing the PBD of PLK1, which interferes with localized PLK1 activity (29, 30) . Conductin could not abrogate spindle activation in response to PBD expression. This finding suggests that conductin requires localized PLK1 activity for spindle checkpoint suppression. Considering that the two proteins are found in a complex collectively the data indicate that conductin could act upstream of PLK1. It is of interest that several other Wnt pathway components such as APC, GSK3␤, and ␤-catenin have been found associated with the spindle apparatus (22, 39, 40) . It remains to be determined whether these factors assemble at the spindle as a complex similar to the ␤-catenin destruction complex or act independent of each other.
Growth-Promoting Pathways and Mitotic Control. Another question arising from this study concerns the role of growth pathways in the regulation of mitotic events. It is well established that the Wnt pathway promotes the G 1 ͞S transition of the cell cycle by transcriptional activation of regulators such as cyclin D1 and c-myc (4). In this sense it acts similar to other growth-promoting pathways, during the early stages of the cell cycle. We propose that Wnt signaling also controls late events of the cell cycle by modulating mitosis. The up-regulation of conductin could modify the mitotic spindle checkpoint such as to allow appropriate execution of mitosis under growth-promoting conditions. One can speculate that high checkpoint activity in the absence of growth stimulation prevents premature mitosis even in the event of mistakes, e.g., mutations in mitotic regulators. The requirement for a second key to the lock, the Wnt signaling, might serve as a safety mechanism to ensure appropriate checkpoint activity in the absence of the ''just right'' growth signal. We can speculate that other growth-promoting pathways have evolved similar mechanisms to regulate mitotic progression, which could lead to CIN in case of aberrant activation (41) .
Materials and Methods
Cell Culture and Transfections. HCT116, SW480, and DLD1 colon cancer cells and 293T human embryonic kidney cells were grown in DMEM supplemented with 10% FCS and 1% penicillin͞ streptomycin at 37°C͞10% CO 2 . MEFs were isolated from embryos at embryonic day 14.5 as described in ref. 42 . For the generation of cell lines stably expressing GFP-conductin, HCT116 cells were transfected with a pEGFP expression vector (CLONTECH) in which the mouse conductin cDNA was cloned C-terminal of the GFP tag (GFP-conductin), together with the pSV2neo plasmid carrying the neomycin resistance gene. Clones were selected in media supplemented with 800 g͞ml G418. Inducible HCT116 and SW480 cell lines expressing Flag-conductin under the control of the tet repressor were generated by transfection with the tettransactivator plasmid pWHE146 (43) , which also carries a neomycin resistance cassette, followed by selection in media supplemented with 500 g͞ml G418. Subsequently, the expression vector pTRE2 (CLONTECH) containing Flag-conductin under the control of a tet-responsive promoter and carrying a hygromycin resistance cassette was transfected, followed by selection in culture media supplemented with 500 g͞ml G418 and 200 g͞ml hygromycin B. For transient transfections in 293T cells, the PBD of PLK1 (amino acids 306-603) as well as CFP-conductin and CFP-axin were used (29, 44) . For stable siRNA expression, SW480 and HCT116 cells were transfected with the mammalian expression vector pSUPER (45) carrying a 19-nucleotide sequence (gagatggcatcaagaagca) of human conductin. For transient transfection of synthetic oligo siRNAs, sequences targeting human APC (aagacguugcgagaaguugga), human ␤-catenin (aaacugcuaaaugacgaggac), and GFP (aagcuaccuguuccauggcca) were used. Plasmid and siRNA transfections were performed with ESCORT V (Sigma) and TransIT-TKO (Mirus), respectively. CEP-FISH. CEP-FISH (26) probes conjugated to Cy2 or Cy3 and specific for chromosomes 7 and 12 (Cy3) and chromosomes X and 17 (Cy2) were purchased from Qbiogene and used according to the manufacturer's protocols. Fluorescence signals of between 600 and 1,000 nuclei were counted.
Western Blotting and Coimmunoprecipitation. Preparation of cell lysates, Western blotting, and coimmunoprecipitations was carried out as described (25) . PLK1 immunoprecipitation was performed according to ref. 46 . Antibodies against conductin (C͞G7) (25) , cyclin B1 (Upstate Biotechnology), phosphohistone H3 (Upstate Biotechnology), APC (Ab2) (Oncogene), PLK1 (Zymed Laboratories), and ␤-actin (Sigma) were used. Secondary antibodies were purchased from Dianova.
Mitotic Index. To determine mitotic indexes, cells were seeded into six-well plates, and 24 h later nocodazole (0.2 g͞ml) (Sigma) was added. Mitotic cells were isolated by shake-off, and adherent cells were harvested by trypsinization. The mitotic and nonmitotic cells were pooled, washed with PBS, and smeared on glass slides. Cells were briefly dried, and anti-phosphohistone H3 immunofluorescence staining was performed. For mitotic exit assays, nocodazole-arrested mitotic cells were reseeded in the presence of nocodazole in six-well plates.
Cell Synchronization and Flow Cytometry (FACS).
For mitotic synchronization, nocodazole-arrested cells were reseeded in normal media after washing. Synchronization at G 1 ͞S was performed with aphidicolin (1 g͞ml) for 24 h. For FACS analysis, trypsinized cells were fixed in ethanol, rehydrated in PBS, and treated with 40 g͞ml propidium iodide and 10 g͞ml RNase for 30 min at room temperature. Samples were analyzed on a FACScan (Becton Dickinson).
Cytogenetics. MEFs seeded for 24 h were treated with vinblastin (80 ng͞ml) for 1 h to arrest cells in metaphase. Cells were trypsinized and incubated in 75 mM KCl for 20 min at 37°C. Cells were then fixed in three changes of methanol͞acetic acid (3:1), and the fixed cell pellets were spread on slides and allowed to air dry for at least 2 days at room temperature before examination.
Tumor Tissue Sample Analysis. Frozen colorectal cancer and paired normal mucosa samples (from patients who underwent colon resection for colorectal adenocarcinoma at the University of Regensburg) were obtained after approval by the Institutional Review Board. For CIN assessment, touch preparations were performed from frozen tumor samples according to ref. 47 . Samples were fixed in Carnoy solution (75% methanol͞25% acetic acid) for 20 min, air-dried, and hybridized with CEP-FISH probes according to the UroVysion pretreatment and hybridization protocol (Vysis). After DAPI counterstaining, fluorescence signals were counted by using an Aristoplan fluorescence microscope (Leica). Tumors showing centromere mean values Ͼ2.2 or Ͻ1.8 (CEP7 and CEP17) and Ͼ2.4 and Ͻ1.6 (CEP3) were considered as CIN ϩ . Negative controls (normal colonic mucosa) showed mean centromer values of 2.0 Ϯ 0.05 (CEP7 and CEP17) and 2.0 Ϯ 0.11 (CEP3). Mean values were derived from at least 100 counted tumor cells.
